Controllable yield strength of Magnetorheological (MR) suspensions makes them suitable brake material. MR-fluid and MR-grease are two commonly explored MR suspensions, and comparison between their performances is useful to decide their suitability in MR brake applications. The current paper presents such comparison. MR fluid and MR grease have been specially formulated. Ninety percent (weight percent) of Xanthan gum coated electrolytic iron powder has been used for synthesis of both MR suspensions. Two identical brake assemblies, one for MR-fluid and other for MR-grease have been developed. Experiments have been performed in the same operating conditions of speed and magnetic field for MR fluid brake and MR grease brake, and their performances of brake power output and amplification factor has been reported.
Overview
A magnetorheological (MR) suspension is non-colloidal suspension of micron sized soft magnetic particles (generally Iron) in nonmagnetic carrier medium (mineral oil, synthetic oil, water etc.). In the off-state (magnetic field equal to zero), MR suspensions show low apparent viscosity (0.1 to 1 Pa.s at low shear rates), which changes significantly (up to 10 5 to 10 6 times) within few milliseconds in the presence of magnetic field. Such rapid change in apparent viscosity can be utilized to control vibration and transfer torque between two surfaces. The MR brake [1] [2] [3] [4] , MR damper 5, 6) and MR clutch 7) are common MR devices. MR-fluid [8] [9] [10] and MR-grease [11] [12] [13] are two commonly explored MR suspensions in these MR devices. These suspensions have their merits and demerits, and it is essential to determine their suitability in MR devices. Significant improvement in sedimentation stability of MR fluids by use of thickening agent grease has been reported 11, 5) . Gordaninejad et al 7) reported 75% increment in the torque capacity of MR grease clutch in comparison to MR fluid (MRF-132 AD) clutch. However, it is difficult to convince why MR grease shows better performance in torque capacity compared to MR fluid. One possible reason may be that weight percentage of magnetic particles in MR grease used by Gordaninejad et al 7) was greater than MR particles used in MR fluid. As such comparison does not reveal correct picture, therefore the current paper presents a comparative study between MR fluid and MR grease by using same particle loading in these suspensions. To get a clear picture, MR fluid and MR grease have been utilized in brake device described in the present paper. MR brakes are preferable over conventional passive brakes, which wear out and their performance deteriorates with time. Recent ban on Asbestos has also urged a need of the alternative frictional materials for braking applications 14) . In the present study, MR fluid and MR grease with equal weight percentage (90 weight %), have been prepared and filled in two exactly similar high speed MR brakes; and their performance has been compared up to 4200 rpm of brake shaft.
Development of MR brake
A schematic of brake configuration has been shown in Fig. 1 . The gap, h, between rotor and housing has been kept equal to 1 mm. The dimension r 1 , r 2 and r 3 are 15 mm, 60 mm and 61 mm respectively. Electromagnet has 600 numbers of turns of AWG 22 copper wire. Supply of direct current to electromagnet generates magnetic field, flux path of which is shown in Fig. 1b . This generated field influences the magnetic particles in MR suspension and forces them to align in the direction of magnetic field and form chain like /column like structure and thereby increases the apparent viscosity. This offers shear-resistance against the rotor-motion and provides the braking torque. Hence, variable braking torque is obtained by varying the value of supplied current to electromagnet. In the present study MR fluid and MR grease have been specially formulated. Ninety percent (weight percent) of Xanthan gum coated electrolytic iron powder (average size 4.27 µm) has been used for synthesis of both MR suspensions. The lithium complex NLGI II grade grease has been used as thickening agent for synthesis of MR grease. Table 1 shows the properties of MR fluid and MR grease synthesized. 
Experimental setup
The block diagram and actual photograph of test rig are shown in Fig. 2 and Fig. 3 . Test rig comprises of a 10 HP AC-motor which drives a gear-pair with the help of timing belt pulley system. Speed of the AC motor is regulated by an AC frequency drive. An oil cooling system has been designed to maintain the uniform temperature of MR brake. A non-contact torque sensor (Lorenz, Germany, make, model DR-2513) has been used to determine the torque load offered by MR brake. Torque sensor has measuring range 0 to 20 N·m, with an accuracy of 0.05 N·m. Sensitivity of torque sensor is 4N·m/Volt. Torque data are acquired using data acquisition card (National Instruments USA, model NI, PCI-6220 M series). The control current to the electromagnet is supplied using a DC power supply of 60 VA. A tachometer is used to measure the rotational speed. A fiber optic displacement sensor (Philtec, RC-90, and USA) has been used as a key-phaser. 
Experimental procedure
Performance of the two brakes has been examined for various combinations of current (0.0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 and 3.5 A) and speed (300 rpm, 600, 1200, 1800, 2400, and 2700, 3000, 4200 rpm) of brake shaft. To perform these experiments, random order of experiment setting has been used. Such random order experiments are preferred, compared to sequential order experiments to avoid the effect of previous result (s). For every test, following procedure has been used, The desired current is supplied to electromagnet and then the speed of brake of shaft is achieved by adjusting the speed controller. A tachometer has been used to confirm the speed measurement.
Torque data are stored on computer hard disk using data acquisition system.
Results and discussions
Braking power of two MR brakes at various magnetic fields and speeds has been plotted in Fig. 4 . This figures shows that off-state braking powers (brake power output at 0 kA/m) of MR fluid brake is always lesser than off-state braking powers of the MR grease brake at all the speeds. Greater value of off-state brake power output in case of MR grease is due to the greater off-state viscosity of MR grease in comparison to MR fluid. Figure 4 indicates that at magnetic field ~150 kA/m, braking torques offered by both the brakes are almost equal. At magnetic field > 150 kA/m the braking power produced by MR fluid is 1.6 to 2.45 (depending on the speed and magnetic field) times the brake powering produced by MR grease. The greater on-state torque produced by the MR fluid brake in comparison to the MR grease brake indicates an easier alignment of magnetic particles in the direction of magnetic field in comparison to MR grease. Such behavior can be explained considering the relatively complex structure of lithium complex grease in synthesized MR grease, which hinders the process of particle-alignment in response to the magnetic field. MR fluid provides low hindrance so that iron particles get aligned and yield more MR effect. Table 2 shows the ratio of brake power output of MR fluid brake with MR grease brake. At low magnetic field (≤ 150 kA/m), this ratio is almost constant and speed variation does not affect the value of the ratio. In the range of magnetic field from 300 kA/m to 750 kA/m, it initially increases with speed but beyond a speed it shows a decreasing trend with speed, however at very high magnetic field (> 750 kA/m) it shows increasing trend with speed. This shows that MR fluid and MR grease have same response to shear rate at low magnetic field, making this ratio constant but at high magnetic fields they have different shear thinning behavior.
It is also important to observe from Table 2 that the ratio of brake power output of MR fluid brake to MR grease brake increases significantly with increase in magnetic field up to, 600 kA/m, beyond which, it starts decreasing. This shows that increase in braking torque with increase of magnetic field is greater in MR grease brake in comparison to MR fluid brake at higher magnetic fields.
To get the true effect, it is necessary to consider amplification factor which can be defined as ratio of the "on state brake power output" at a particular magnetic field to "off state brake power output". The values of amplification factor for MR fluid brake and MR grease brake at different magnetic fields for three selected experimental rotational speeds are listed in Table 3 . It can be noticed that amplification factor increases with increase of magnetic field at all the rotational speeds and its value is considerably low for MR grease brake in comparison to MR fluid brake at all the magnetic field for all the rotational speeds e.g. value of amplification factor for MR fluid brake is 13.3 at 300 RPM and 900 kA/m, while its value for MR grease brake for same conditions is 4.62. Reduction in the value of amplification factor for a magnetic field with increase of speed above magnetic field of value 150 kA/m for both the MR suspensions can also be noticed. Reduction in the amplification factor from lower to higher speed shown by MR fluid as well as MR grease confirms that both the MR suspensions undergo shear-thinning behavior. Figure 6 illustrates that change in amplification factor with magnetic field is more linear in case of MR grease brake in comparison to MR fluid brake. This comparative study suggests that MR fluid should be preferred over MR grease for MR devices like MR brake as the main requirement in the MR brake is the high MR effect, not high sedimentation stability. MR fluid brake produces not only greater MR effect, but at the same time it also yields better amplification of brake power output in comparison to MR grease.
Conclusions
In the present study performance of MR fluid brake and MR grease brake has been compared. Following important conclusions can be drawn from this study: 1. Use of two MR suspensions, MR fluid and MR grease of same particle loading (90% weight percentage) in a common application MR brake, shows that MR fluid produces higher "on state brake power output" (1.8 to 2.45 times) but low "off state brake power output" (0.6 times) in comparison to MR grease. 2. Ratio of brake power output of MR fluid brake to MR grease brake increases with increase of magnetic field up to, 600 kA/m, beyond which, it starts decreasing. This shows that increase in braking torque with increase of magnetic field is greater in MR fluid brake in comparison to MR grease brake at low to moderate magnetic fields but smaller than MR grease brake at higher magnetic fields. 3. MR grease brake yields low amplification of brake power output in comparison to MR fluid brake. 4. Change in amplification factor with magnetic field is more linear in case of MR grease brake in comparison to MR fluid brake. 5. Reduction in amplification factor with increase of speed shown by MR fluid brake and MR grease brake indicates that both the MR suspensions show shear thinning behavior. 6. The comparative study between MR fluid and MR grease suggests that MR fluid should be preferred over MR grease for application in MR brake as the main requirement is high MR effect, not sedimentation stability.
